ABSTRACT. Jatropha curcas L. is one of the most promising oilseeds for biodiesel and biokerosene production, but few basic studies or breeding programs have been conducted for the species. We estimated genetic parameters and diversity based on 10 yield traits in 77 half-sib progenies of J. curcas after 52 months in the field, and evaluated correlations between them and the oil content of the seeds. The mean grain yield per plant was 377.9 g (ranging from 169.8 to 772.1 g) and the mean oil content was 36.2% (ranging from 30 to 39.6%). Moderate estimates of heritability at the mean progeny level were obtained for the length of the fruit (84.7%), length (69.1%) and width (68.2%) of the seed, and grain yield per plant (62.2%). Oil content was only positively and significantly correlated with 100-seed weight. Our study revealed a range of possible crosses to be investigated in J. curcas. Progeny production should be evaluated over several crop seasons for the accurate selection of the best progenies.
INTRODUCTION
Due to the demand for clean and renewable energy, liquid fuels of plant origin, such as biodiesel and ethanol, have gained recognition on the world economic stage. The search for alternatives to fossil fuels requires the evaluation of renewable sources with low environmental impact (Matos et al., 2012) . Therefore, the development of appropriate techniques and raw materials for energy generation is essential.
Scientists and large corporations in the energy sector have promoted Jatropha curcas L. as one of the most promising oilseed species for biodiesel and biokerosene production. J. curcas seeds are rich in oleic acid (above 50%) and have high oil content (above 36%). Governments and their financing agencies have made resources available for research, and incentives for large-scale planting (Dias et al., 2012) . This rising interest in J. curcas has created demand for the development of improved cultivars of the species. However, caution on the part of researchers and producers is necessary for the success of the crop for biodiesel production. There are few J. curcas breeding programs compared to other oilseed crops, such as soybean, cotton, peanut, and sunflower (Freitas et al., 2011) . According to Rocha et al. (2012) , technical limitations have impeded the full insertion of the species in the Brazilian energy matrix. Uneven maturation of the fruit and low grain yield are two hurdles that have limited the economic viability of this crop (Dias et al., 2007) .
For a breeding program to be successful, it is necessary to investigate estimates of the genetic parameters of the main traits, the genetic associations between them, and the genetic variability available. Through such studies, the most adequate selection method and the traits that may be obtained through selection are defined. However, studies on the genetic parameters of the main traits of J. curcas are few in number (Kaushik et al., 2007; Rao et al., 2008; Das et al., 2010; Freitas et al., 2011; Laviola et al., 2012; Bhering et al., 2013; Shabanimofrad et al., 2013) , and are not easily compared because they involve plants at different stages. In addition, most of them studied young plants and have not dealt with grain yield and oil content in the seeds of adult plants. Rocha et al. (2012) also observed that there have been few studies that have estimated genetic components and gain through selection, taking into consideration repeated measures and the evaluation of plants at a productive age.
Knowledge of the associations between traits is of extreme importance, particularly if selection for one of them presents difficulties caused by low heritability and/or measurement and identification (Cruz et al., 2012) . Associations between yield traits of J. curcas must be studied by breeders, particularly regarding the oil content of the seeds, which is the target characteristic in breeding for biodiesel. However, few studies on this species have investigated this characteristic (Ginwal et al., 2004; Kaushik et al., 2007; Freitas et al., 2011; Biabani et al., 2012; Wani et al., 2012; Shabanimofrad et al., 2013) .
Information regarding the degree of genetic diversity between and within natural populations, at and outside the center of origin, is necessary for the search for genotypes and populations that are potentially valuable for breeding (Achten et al., 2010) . According to Dias et al. (2012) , Mexico is the center of domestication and also diversity of J. curcas. In Brazil, the northern region of the State of Minas Gerais has genotypes with a high oil content, which led Dias et al. (2012) to propose that region to be considered a secondary center of diversity for the species. Studies that have evaluated the genetic and phenotypic diversity of J. curcas progenies have been conducted in India (Kaushik et al., 2007; Rao et al., 2008; Das et al., 2010; Wani et al., 2012) , China (Sun et al., 2008) , Brazil (Laviola et al., 2010; Freitas et al., 2011 ), Mexico (Ovando-Medina et al., 2011 Fresnedo-Ramírez and Orozco-Ramírez, 2013) , and Malaysia (Biabani et al., 2012; Shabanimofrad et al., 2013) . The 10 traits evaluated after 52 months (4.4 years) in the field were fruit production (FrPd), grain yield per plant (GYP), oil content of the seeds (OC), 50-fruit weight (50FrW), percentage of shell in the fruit (SFr), length (LFr) and width (WFr) of the fruit, 100-seed weight (100SW), and length (LS) and width (WS) of the seed. For the evaluation of FrPd (g), fruits were collected from each plant and the ground and weighed; the GYP (g) was based upon the SFr of each progeny; the OC (%) was determined using nuclear magnetic resonance (Oxford Instruments, model MQC -23-27 ISO 10565, 300 baker avenue, suite 150, Concord, MA 01742, USA) on seeds from all of the plants; the 50FrW (g) was determined by randomly selecting 50 fruits from each progeny per block and weighing them; and the SFr (%) was calculated by dividing the shell weight of the 50 fruits by their total weight and multiplying the result by 100. Of the 50 fruits evaluated for 50FrW, a random sample of fruits and seeds was removed from each progeny per block for evaluation of LFr, WFr, LS, WS (mm), and 100SW (g). For LFr, WFr, LS, and WS (mm), a random sample of 10 fruits and seeds was evaluated with a digital caliper rule; the 100SW (g) was determined by weighing 100 randomly selected seeds.
Data related to FrPd, GYP, and OC at the level of individual plants and per trial were obtained by the block method, with information within plots. For 50FrW, SFr, LFr, WFr, 100SW, LS, and WS, the analyses were based on a sample of the fruits and seeds of the plants that constituted the plots, respecting the block design. The mean plot values for FrPd, GYP, and OC were added to the data for the other traits, and a pooled analysis of variance (ANOVA) of the four trials was conducted. Initially, a single ANOVA for each trial was conducted using the following model:
where Y ij(k) is the value observed in the i th progeny in the j th block for trial k, µ is the overall mean value for trial k, T i is the effect of the i th progeny for trial k, B j is the effect of the j th block for trial k, and is the random error for trial k. Subsequently, a pooled ANOVA of the trials was conducted, with the sum of squares adjusted for treatments (regular and control progenies) ( Table 2) according to the following model:
where Z ijk is the value evaluated in the i th treatment (regular progeny and control progeny) in the j th block for trial k, µ is the overall mean value of the trial, T i is the adjusted effect of the i th treatment, B j(k) is the effect of the j th block within the k th trial, E k is the effect of the k th trial, TcE ik is the effect of the interaction between the control progeny and the trial, and is the random error. For comparisons between progenies in the different trials, a correction of the values obtained for each one was performed by removing the environmental effects estimated based on the value of the controls. Therefore, those progenies evaluated in unfavorable environments were compensated, and values obtained from those evaluated in favorable environments were reduced.
To study associations between the traits evaluated and the oil content of J. curcas seeds, Pearson and partial phenotypic correlation coefficients were obtained. Estimates of the mean genotypic variance, heritability at the mean progeny level, intraclass correlation at the plot level, genetic coefficient of variation (CV g ), and relative coefficient of variation (CV r = CV g / CV e ) for all 10 traits were obtained.
Genetic variability was quantified in two steps. Firstly, dissimilarity between the progenies in the 10 traits evaluated was estimated using the Mahalanobis generalized distance (Rao, 1952) , which considers the residual correlation between the traits and is one of the most used measures in divergence studies. Secondly, using the distance matrix generated, the optimization method proposed by Tocher (Rao, 1952) was used to form diversity clusters. After cluster formation, for greater discrimination the Tocher method was used on the cluster with the greatest number of progenies. The ANOVAs, estimations of the genetic parameters, correlations, and cluster analyses were conducted using the GENES software (Cruz et al., 2012) .
RESULTS

Statistical analysis
Based on the results of the pooled ANOVA (Table 2 ), significant differences were found between the trials for all of the traits evaluated, except OC. For the control progenies x trial interaction, FrPd and GYP were significant at the 5 and 1% levels of probability, respectively. There were significant differences between the adjusted treatments (75 regular progenies and two control progenies) in all of the traits, except SFr. Regarding precision, the experimental coefficients of variation were 21.7 and 21.2% for FrPd and GYP, respectively, and ranged from 1.7 to 6.6% for the other traits ( Table 2) .
The mean values of the regular progenies were greater than or similar to the mean values of the control progenies, with FrPd and GYP standing out.
Genetic parameter estimates
The highest estimates of heritability at the mean progeny level were for LFr (84.7%), LS (69.1%), WS (68.2%), and GYP (62.2%) ( Table 3 ). Regarding the variability between progenies, FrPd and GYP exhibited considerable genotypic variability (Table 3) , with genotypic coefficients of variation of 12.9 and 13.4%, respectively. WFr, LS, and WS had lower genotypic coefficients of variation (1.0, 1.2, and 1.3%, respectively). The genetic parameter estimates obtained in the present study were of the same order of magnitude as those reported in the literature (Table 4) . a Values in bold and underlined are significant at the 1 and 5% levels of probability, respectively, by the F test. CV, coefficient of variation; FrPd, fruit production; GYP, grain yield per plant; OC, oil content; 50FrW, 50-fruit weight; SFr, percentage of shell in the fruit; LFr, fruit length; WFr, fruit width; 100SW, 100-seed weight; LS, seed length; WS, seed width.
V g , mean genotypic variance; h 2 , mean heritability at the progeny level; RI, intraclass correlation at the plot level; CV g , genetic coefficient of variation; CV r , relative coefficient of variation (CV g /CV e ratio); FrPd, fruit production; GYP, grain yield per plant; OC, oil content; 50FrW, 50-fruit weight; SFr, percentage of shell in the fruit; LFr, fruit length; WFr, fruit width; 100SW, 100-seed weight; LS, seed length; WS, seed width. A relative coefficient of variation value greater than 1 was only obtained for LFr (1.17); for the other traits, it ranged from 0.2 to 0.7. GYP and OC were the most important traits from a crop improvement perspective, and had mean values of 377.9 g (ranging from 169.8 to 772.1 g) and 36.2% (ranging from 30.0 to 39.6%), respectively (Table 3) .
a Broad-sense heritability.
b Narrow-sense heritability.
c Genotypic coefficient of variation. GYP, grain yield per plant; OC, oil content; 100SW, 100-seed weight; LS, seed length; WS, seed width. 
Associations between traits
Pearson and partial phenotypic correlation coefficients were obtained to investigate associations between the traits and their causes and effects (Table 5 ). The traits that had the most significant partial correlations were FrPd and GYP (0.99), GYP and SFr (-0.82), FrPd and SFr (0.81), and LFr and LS (0.62). Regarding the OC, Pearson correlations revealed highly significant associations with GYP (0.41), SFr (-0.48), FrPd (0.39), and 50FrW (0.34). The partial correlations only found a significant association with 100SW (0.41).
Diversity analysis
Initially, we detected five distinct clusters of progenies (Table 6 ). Cluster 1 contained most of the progenies (70), followed by cluster 2 (2), cluster 3 (3), and clusters 4 and 5 (1 each). The greatest intercluster distance was between clusters 3 and 5, followed by 4 and 5, 2 and 3, and 1 and 5 (Table 6 ). Later, we only found one cluster, which was composed of 70 progenies. This was divided into 16 distinct subclusters, with subcluster 1.1 containing most of the progenies (20), followed by 1.2 (13), 1.3 (10), 1.4 (8), 1.5 (3), subclusters 1.6 to 1.10 (2 each), and the rest contained one progeny each (Table 6 ).
a Values in bold and underlined are significant at the 1 and 5% levels of probability, respectively. FrPd, fruit production; GYP, grain yield per plant; OC, oil content; 50FrW, 50-fruit weight; SFr, percentage of shell in the fruit; LFr, fruit length; WFr, fruit width; 100SW, 100-seed weight; LS, seed length; WS, seed width. 
DISCUSSION
To obtain the correct mean values of the progenies, the control progenies x trial interaction should not be significant, so that the behavior of the control progenies only reflects the quality of the environment evaluated. The only traits that exhibited this significant interaction were FrPd and GYP (Table 2) , where the progenies that were evaluated in an environment that was favorable to their performance had their mean values reduced for purposes of comparison; the mean values of the others increased because of the environmental effect. Therefore, for each progeny, it was necessary to adjust the values obtained in relation to these traits for the purpose of a joint evaluation of the trials, and a more efficient evaluation regarding the behavior of the progenies.
Genetic variability existed between the 77 progenies, particularly for yield components, which exhibited the highest CV g values. This variability could be used in breeding programs by selecting progenies that obtain higher GYP values than our mean value of 377.9 g, because there was great variation (169.8 to 772.1 g) that could be exploited in future generations. In addition, this trait exhibited a heritability of 62.2%, demonstrating that selecting the best progenies can result in genetic gain.
Regarding the OC of J. curcas seeds, the mean value in the present study was 36.2%, and ranged from 30.0 to 39.6%. When the genetic parameters for OC in the 77 progenies were evaluated, a fairly high coefficient of heritability (51.4%) and low CV r value (0.5) were obtained. According to Vencovsky (1987) , if the relative value of the CV r is near or above 1 for maize progenies, there is a high probability of genetic gain from selection, which suggests that the trait may be easily worked with in genetic breeding programs. Therefore, there is a possibility of gain from selecting the best progenies, e.g., by selecting plants with an OC above the mean value found in this study (36.2%). However, despite being one of the main traits for J. curcas breeding, gain from selection would not easily be obtained because of the low CV r value obtained in the present study.
Importantly, we found a higher mean OC (36.2%) and greater variation (30.0 to 39.6%) in J. curcas seeds than that reported in the literature (Table 7) . J. curcas GYP is related to genetic potential, crop field management, and the age of the plant, as it is a perennial species. Studies on J. curcas from different regions and at different ages have obtained a wide range of values for GYP (Table 7) . J. curcas reaches its productive potential after four to five years in the field (48 to 60 months). The present study used plants after 52 months in the field, and the mean GYP was 377.9 g and ranged from 169.8 to 772.1 g. Although there have been few studies conducted on plants older than 48 months, the GYP observed in this study proved to be expressive, which increases the expectation for production in the next years. Plants that maintain an expressive grain yield and above-average OC should receive special attention in our breeding program.
We found significant associations between OC and four other traits using Pearson correlations, whereas an association with only one trait was found using partial correlations. This indicates that the partial correlation coefficient is a more informative measure of relationships between traits, because cause and effect cannot be inferred from simple correlations (Table 5 ). In addition, partial correlations are more informative regarding the relationships between traits because they take into account the effects of other traits on the association studied. To better evaluate associations between traits, they should be measured in consecutive crop years to obtain long-term data.
When evaluating 25 J. curcas accessions from India, Ginwal et al. (2004) found a significant correlation between OC and 100SW (0.79). A significant phenotypic correlation, although negative, was observed by Kaushik et al. (2007) between OC and LS (-0.47). The results of the present study support those of Ginwal et al. (2004) regarding the association between OC and 100SW, as well as the Kaushik et al. (2007) , who reported a positive, significant correlation between them (0.23).
